INTRODUCTION

25
Microtubules (MTs) are key players in cell division, migration and signalling and are 
82
RESULTS
83
Determination of 13-PF structures of DCX-MTs in different nucleotide states 84 To elucidate the mechanism of MT catastrophe, we analysed conformational changes GMPCPP lattice has an extended axial repeat (83.74 ± 0.20 Å), whereas the GDP.Pi, exhibit a compacted lattice (Fig. 1b) , which emphasizes the speed of GTP hydrolysis 100 and that the MT wall does not need to be complete for it to occur, at least with DCX 101 bound at inter-dimer vertices (Fig. 1d) . The overall tubulin conformation in GTPγS-
102
DCX-MTs is in fact more similar to that in GDP-DCX-MTs than in GDP.Pi-DCX-MTs
103
( Supplementary Fig. 3 ) despite the presence of γ-P/γ-S ( Supplementary Fig. 2 ). This 104 explains the slow MT growth observed with GTPγS and highlights the unusual 105 properties of this nucleotide analogue 14 .
106
GTP hydrolysis in β-tubulin leads to uneven compression of α-tubulin
107
To characterise the origin of the lattice compaction in our reconstructions, we between the C-terminal end of helix αH8 plus αH8-S7 loop and helix βH11' 10 ; and A2) 116 a hydrogen bond between K336 side chain at the C-terminus of helix αH10 and K174
117
backbone carbonyl in βT5 loop (Fig. 2a-c) . Thus, the conformational change in the βT5 
125
Uneven compression of α-tubulin reinforces longitudinal lattice contacts
126
Transitions 1 and 2 strengthen the longitudinal inter-dimer interface (Fig. 2c, d ,
127
Supplementary Fig. 4 αH3-S4 loop with βS3-H3' loop and αT7 loop with helices βH1 and βH2 (Fig. 2c, d ).
135
Uneven compression of α-tubulin weakens lateral lattice contacts 136 It seems paradoxical that the polymer becomes unstable while longitudinal contacts 137 become tighter after lattice compaction. This draws attention to the lateral contacts.
138
The N and I domains are connected in the lattice by both the longitudinal and the lateral 139 interfaces, enabling transmission of structural information between PFs. Due to the 140 uneven compression of the α-subunits during transition 1, the lattice compaction not 141 only tightens the inter-dimer spaces, but also perturbs the lateral contacts; this is 142 because the αN domains move further towards the MT -end and lumen than the 143 laterally connected αI domains from the neighbouring PFs ( Fig. 3 and Video 4). Thus,
144
in our GTP state model, the conformation of the lateral contacts between the α-subunits 145 are close enough (< 4 Å) to support multiple points of connectivity (e.g. Gly57-Glu284,
146
His88-His283, His88-Glu284, Glu90-Lys280, Gln128-Gln285 βS9-S10 loops (≤ 1.7 Å) that it directly contacts (Fig. 4) . Therefore, an alternative 178 explanation of Taxol®'s MT-stabilising effect is that, while tubulin lateral contacts are 179 loosened by GTP hydrolysis (Fig. 3b) , Taxol® locks the βM lateral loops in the lattice- 
182
Since it stabilises every other lateral contact along each PF (assuming saturation),
183
Taxol® probably keeps the PFs only loosely associated within the GDP-MT lattice.
184
Presumably as a consequence, we find MTs pre-stabilised with Taxol® to be poorly 185 decorated with DCX in vitro ( Supplementary Fig. 1b) close to the E-site GTP to complete the GTPase machinery ( Supplementary Fig. 7d ).
214
The specific flexibility of Taxol®-MTs makes sense when the role of lateral 215 contacts in dynamic instability is taken into account. Thus, where Taxol® is added to
216
MTs after polymerisation has been allowed to proceed, our work suggests that the 217 lateral contacts in these MTs would be loose due to the majority of tubulin being bound Similarly, other MT stabilising agents may be expected to also work by stabilizing lateral 229 contacts in lattice-like conformations 31 .
230
The stochastic nature of GTP hydrolysis events in the lattice 4 would be predicted 231 to cause lateral contact mismatches between neighbouring pre-and post-hydrolysis we predict that α-tubulin retains its conformational plasticity in the incoming free 247 tubulin dimers, the polymer-held β-tubulin would be predicted to provide a more stable 248 platform/template for dimer docking, a stability that is reflected in faster +end growth.
249
With a multitude of MAPs, polymerases, depolymerases and modifying 
METHODS
473
Protein preparation.
474
Human doublecortin isoform 2 (DCX, residues 1-360) was cloned into pNic28Bsa4 
497
Preparation of cryo-EM samples.
498
To obtain GMPCPP-DCX-MTs with high GMPCPP occupancy, 30 μM GMPCPP-499 tubulin was cycled twice through: 30 min polymerization at 37 °C in BRB80 buffer 500 containing 1 mM GMPCPP, pelleting and depolymerisation in cold buffer. In the third 501 polymerisation round, 5 μM GMPCPP-tubulin was co-polymerised with 3.5 μM DCX 502 under the same conditions. This polymerisation strategy was required to obtain a fully 503 extended 13-PF MT lattice.
504
GTPγS does not nucleate MTs, hence it cannot be enriched in the lattice 505 through tubulin polymerisation and depolymerisation cycles and its occupancy is not 506 known. For GTPγS-DCX-MTs 5 μM GTPγS-tubulin was co-polymerised for 30 min 507 with 3.5 μM DCX at 37 °C in BRB80 buffer containing 2 mM GTPγS.
508
For GDP-DCX-MTs 5 μM GTP-tubulin was co-polymerised for 30 min with Cryo-EM data collection.
525
Micrographs were acquired on a 300 kV Polara microscope (FEI) combined with a K2
526
Summit camera (Gatan) operated in counting mode after energy filter with a 20 eV slit.
527
The magnification at the specimen plane was 35,971x resulting in a pixel size of 1.39 Å.
528
The dose rate was ~5 e-/pixel/sec, corresponding to ~2.6 e-/Å 2 /sec. The total dose on 
533
Image processing and 3D reconstruction.
534
We used MotionCor2 36 to globally and locally (25 tiles/image) align movie frames.
535
Using EMAN 1 Boxer 37 we picked MT segments from these drift-corrected image sums.
536
Boxes of 652 x 652 pixel size spanned ~11 tubulin dimers and were cut along MTs with 537 ~8 dimer overlap. These segments were subsequently treated as single particle input to resolution noise substitution test 35 (Table 1 , FSCtrue). Side chains of acidic residues are they are stabilised by an interaction (e.g. D177 H-bonding with GMPCPP, Fig. 1c ).
553
Reconstructions using data collected with the first 4 e-did not recover these vulnerable 554 side chains.
555 Atomic model refinement.
556
We used a high-resolution cryo-EM 6 GDP-tubulin dimer model (PDB code: 3JAR 10 , Fig. 1b ). Fig. 3 ).
Supplementary Figure 3
Tubulin conformation in the GTPγS-DCX-MT resembles that in the GDP-DCX-MT a, Backbone front view comparisons of tubulin conformation in the GTPγS lattice against those in the GDP.Pi or GDP lattices, based on pairwise superposition on the β1 subunit (underlined); coloured by the degree of displacement or as follows: GTPγS, orange; GDP.Pi, orange, GDP, red. b, β1 E-site comparisons in the cryo-EM map of the GTPγS lattice: tubulin density, sky blue; nucleotide density, orange. Tubulin model chains are shown as ribbons: GTPγS state, skye blue; GDP.Pi state, slate blue; GDP state, grey, and their associated nucleotides (GTPγS, orange/heteroatom; GDP.Pi and GDP, light grey) and selected side chains (coloured by heteroatom) are shown as sticks.
Supplementary Figure 4 Details of the longitudinal inter-dimer interface in different DCX-MT lattices
View from MT +end at: a, α-tubulin residues having at least one atom within 4 Å distance from any atom in the interfacing β-tubulin, shown as sticks coloured by heteroatom in their cryo-EM density. The density for the catalytic E254 residue is captured only in the GMPCPP state (arrows); b, superposition of both α and β faces of the interface shown in different representations with two anchor points (A1 and A2) indicated, to aid relating positions of the interfacing residues; α-face residues (shown in a with IDs) are connected by white backbone, to visualize secondary structural context (labelled); the atoms within 4 Å distance from the interfacing β-tubulin are shown as spheres; E254 residues are pointed with arrows; β-face atoms within 4 Å distance from the interfacing α-tubulin are shown as modelderived surfaces coloured by element (C, grey; N, blue; O, red); c, β-tubulin residues having at least one atom within 4 Å distance from any atom of the bound α-tubulin; the residues are shown as sticks coloured by element (see d for ID labels), and the atoms within 4 Å distance from the interfacing α-tubulin are shown as spheres together with model-derived surface coloured by element; secondary structures to which particular residues belong and two anchor points (A1 and A2) are indicated; d, cryo-EM density and ID labels for the residues shown in c.
